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ADAPTIVE READ AND RE AD-AFTER- WRITE FOR CARBON 
NANOTUBE RECORDERS 

FIELD 

The present invention relates to the field of data storage systems. More particularly, the present 
5 invention relates to data storage systems utilizing carbon nanotubes in conjunction with disk 
media. 

BACKGROUND 

Disk drive technology based on magnetic and laser technology continues to allow for denser 
10 information packing. However, each technology has its limits and defects, related to both 

physical limitations and mechanical limitations. Lasers and magnetic heads must be positioned 
by mechanical means and have minimum tolerances for the physical size of marks used to 
encode data on their respective media. Thus, it may be useful to provide an alternative method 
and apparatus for data storage and retrieval. 

15 

SUMMARY 

A method and apparatus for adaptive read and read-after-write for carbon nanotube recorders is 
described. In one embodiment, the invention is an apparatus, utilizing carbon nanotubes (CNTs) 
to read and write data, and deflecting the emissions of such CNTs precisely in the process. In an 
20 alternate embodiment, the invention is a method of locating CNTs for purposes of reading and 
writing data on a disk, using a rough location and feedback to refine the location into a precise 
location for the track, both for a group of heads and for individual heads within the group. 
Location may include both physical movement of the heads and deflection of emissions of the 
heads. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and form a part of this specification, 
illustrate embodiments of the invention and, together with the description, serve to explain the 
principles of the invention. The drawings should be understood as illustrative of the invention, 
30 rather than restrictive. 

Figure 1 is an embodiment of a disk configuration with a read/write head on a radial actuator 



1 



WO 2005/067585 



PCT/US2004/019780 



Figure 2 is an illustration of track offset due to actuator angle change in the embodiment of 
Figure 1. 

Figure 3 is an embodiment of carbon nanotube (CNT) write and read heads. 

Figure 4A and Figure 4B illustrate embodiments of detection zones with diminished cross talk 

with multiple heads. 

Figure 5 A and Figure 5B illustrate an embodiment of a 3-head configuration, including track, 
write, and read heads, with Figure 5A illustrating head locations and Figure 5B illustrating initial 
offsets. 

Figure 6 is a timing diagram illustrating an embodiment of a single head 6 Write & Track' and 
'Read & Track 5 timing option. 

Figure 7 illustrates an embodiment of a track acquisition sequence. 

Figure 8 illustrates an embodiment using parallel CNT operation for an increased data rate and 
lower rotation rate. 

DETAILED DESCRIPTION 

A method and apparatus for adaptive read and read-after-write for carbon nanotube (CNT) 
recorders is described. In the following description, for purposes of explanation, numerous 
specific details are set forth in order to provide a thorough understanding of the invention. It will 
be apparent, however, to one skilled in the art that the invention can be practiced without these 
specific details. In other instances, structures and devices are shown in block diagram form in,, 
order to avoid obscuring the invention. 

A method and apparatus for adaptive read and read-after-write for carbon nanotube recorders is 
described. In one embodiment, the invention is an apparatus, utilizing carbon nanotubes (CNTs) 
to read and write data, and deflecting the emissions of such CNTs precisely in the process. In an 
alternate embodiment, the invention is a method of locating CNTs for purposes of reading and 
writing data on a disk, using a rough location and feedback to refine the location into a precise 
location for the track, both for a group of heads and for individual heads within the group. 
Location may include both physical movement of the heads and deflection of emissions of the 
heads. 

An embodiment of a disk drive recording configuration is shown in Figure 1. Data is -recorded 
on tracks in a circular or spiral pattern by the disk rotation and a recording head that is moved in 
essentially a radial path by means of a ' swing arm' actuator. The read-write heads are typically 
mounted on the actuator, rotation of which enables track acquisition between the minimum and 
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maximum radii. In the design described herein the data is written to and read from the media by 
an electron beam (e-beam) emitted by a Carbon NanoTube (CNT) source located in the head(s). 
In operation the actuator 150 moves a few degrees to either side of its nominal position causing 
the associated actuator axis to move out of tangency to the track being written or read. If a single 
head 170 is implemented with write occurring on one rotation and read on a later disk rotation 
this slight rotation of the head axis with respect to the relative direction of disk motion is 
inconsequential. 

As illustrated in Figure 1, the actuator 150 has mounted thereon a head or heads 170 which can 
be used to read or write on track 140 (at a radius R from a center of disk 1 10) or on adjacent 
tracks on disk 110 (not shown). Actuator 150 moves around pivot 160, allowing for access to 
adjacent tracks, within performance limits. As shown, center hole 130 of disk 110 allows for 
placement of the disk 110 around a spindle (not shown) and thus eliminates the possibility of 
tracks within a radius Rl, illustrated as 20 mm in one embodiment. Similarly, outer edge 120 
defines the outer boundary of disk 1 10, at a radius R2 illustrated in one embodiment as 60 mm. 
Preferably, heads 170 (or other associated heads) may be used to read from and write on finely 
spaced tracks (such as track 140) throughout the surface of disk 110. 

However, attempting to provide an immediate read after write function by mounting two heads 
170, a write head 170 and a read head 170 in tandem, is only effective at essentially one radius, 
R, where the line between the head locations is tangent to the track at that radius as shown in 
Figure 2. On moving from a radius R to a radius Rl (e.g. 20mm) or R2 (e.g. 60mm) the angular 
movement of the actuator, although slight, causes the read and write detectors to move by 
dissimilar amounts, so they are no longer on the same track. If the radial distance moved from 
the tangent position at R = 40mm radius say, is ± 20mm, and approximately ±1/5* of the 
actuator length, the actuator angular rotation is ± 11.3 degrees. If the write head leads the read 
head by 100 microns, the radial offset between the two heads is ±20 microns at the inner and 
outer radii. For a system track spacing of (for example) 20 nanometers this offset is 1000 tracks 
wide. Hence if the maximum tolerable offset is 0.2 track spacing, an actuator with tandem heads 
could only operate in the 1/5000 of the disk radius closest to the tangency condition, i.e. over 
about ±20 adj acent tracks. 

Further illustrating this problem, Figure 2 indicates that while read beam 265 and write beam 

255 are aligned when operating on track 247 (at positions 265B and 255B respectively), the 

beams (265 and 255) are not aligned when operating on track 243, as write position 255A is on 

track 243 but corresponding read position 265A is not on track 243. Note that the positions of 
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beams 265 and 255 are both aligned to the actuator axis, whether in its first actuator axis position 
245A or its second actuator axis position 245B. Moreover, note that the tracks 243 and 247 as 
illustrated in this embodiment are concentric circles having radials 295 pointing to the same 
center, as would be observed on disks using circular tracks. 
5 One solution to this problem would be to locate the write and read heads on a sliding actuator 
that moves along the radius of the data disk without rotation. However for nanoscale mark 
recording where the track-to-track spacing is only a few tens of nanometers, mechanical 
tolerances make such an actuator impractical. 

Another solution is to design an actuator system that allows the read head to effectively, move to 
10 either side of the actuator center-line thereby reducing the track error to zero so the write and 

read heads follow the same track, regardless of the actuator arm angle. In the CNT microcathode 
system described here the read and track functions are accomplished by e-beams emitted from 
the CNT. These e-beams are easily deflected laterally, approximately along a radial, by 
magnetic or electrostatic means. Hence although one head physical location is typically offset 
15 from the other, moving one of the e-beams (by up to 20 microns in the above example), will 

place the write and read beams in alignment on the same data track. This offset is adjusted as the 
actuator relocates to any given track. 

Figure 3 shows a CNT write head with an electrostatic beam deflector and the range of beam 
deflection. To perform the read-after-write function two such structures are located perhaps only 
20 100 microns apart, or less, and consequently they should be fabricated on the same substrate. ;;■ 
The read-write head assembly is essentially rotationally symmetric about the e-beam except for 
the deflection apparatus that is located so as to deflect the e-beam along a head diameter. The 
heads are aligned on the actuator so the beam deflection direction is essentially along a disk 
radial. 

25 If the first head is the write head, the second head passing over a written bit will cause a temporal 
detection response. Alignment of the second (read) head to an exact trail position along the track 
can be achieved electronically by adjusting the read head offset to match the response of the read 
head to the data written to a track. If the disk write speed is, for example, 10 meters per second 
the time delay between the write and the read heads located 100 microns apart along the track is 

30 ten microseconds. Use of a dual beam oscilloscope to display both write and read patterns with 
one trace delayed by ten microsecond makes maximizing the read response an easy adjustment. 
The CNT microcathode, in one embodiment, is illustrated with specific implementation details 
for a read head in Figure 3. Head 300 includes a base 305 having mounted thereon a substrate 
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310 from which a CNT 315 extends. Also mounted on base 305 is vacuum housing 320 which 
allows for an evacuated environment in which CNT 315 may operate. Within housing 320, 
gating electrode 325 (used to turn the electron stream 360 from CNT 315 on or off) and focus 
electrode 330 (used to focus the electron stream 360 from CNT 315) are located. Furthermore, 
5 tracking scan electrode 335 is also located within vacuum housing 320, allowing for deflection 
of e-beam 360 to each of locations 395 on media 355. 

One end of housing 320 includes an opening around which acceleration electrode 340 is 
arranged. The opening of housing 320 is covered by a boron nitride window 345 which is 
relatively transparent to e-beam 360 but is relatively impervious to atmospheric transfer into 

10 vacuum housing. Arranged outside window 345 are detection electrodes 350 which may be used 
to detect scattered electrons bouncing back from media 355. As illustrated, base 305 and 
vacuum housing 320 have a width (diameter) of about 0.1mm, with the overall structure having a 
length of about 1 mm and a spacing from media 355 of about 0.2 mm. These dimensions may be 
chosen based on specific design details, and are thus not requirements so much as a set of 

15 specifications useful in one embodiment. Moreover, the boron nitride window 345 is exemplary 
of a suitable window material, rather than a restrictive indication of the only suitable window 
material. 

In the read-write CNT e-beam system described the data is written to the media by a beam 
sufficiently intense to cause a change in the media, resulting in a different level of electron 

20 Secondary Emission (SE) when probed by an e-beam of lower intensity, i. e. a read beam. The 
minimum distance between the two heads is determined by requiring the read-head detection 
signal not be corrupted by the secondary emission from the write beam, which is of higher 
power. The SE electron pattern from both heads is shown in Figure 4 indicating the path of the 
secondary electrons is influenced by the field arising from the positive voltage on the detection 

25 electrode. Essentially all of the SE electrons generated by each head will be collected by its 

detector, if the geometric separation of the two heads is sufficient. Due to the SE electrons being 
generated at various depths within the media the SE emission pattern is estimated to be 
essentially Lambertian (a cosine distribution) as shown in Figure 4. SE electrons emitted far off 
the primary e-beam axis will be deflected inward and collected by the detector, consequently 

30 very little channel cross-talk is generated as long as the separation of the heads (H.H.) is 
sufficient compared to the head-media (H.M.) separation. 

Figure 4A illustrates in detail the separation between heads in one embodiment. Head A (410) 
and Head B (470) may be said to be separated by a distance HH 480 (head-head separation 
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distance), which is measured from the centers of the heads 410 and 470. Scattering zones 465 
and 475 are associated with heads 410 and 470 respectively, and represent the volume in which 
most electrons are likely to be scattered. Distance HM 490 represents the distance between head 
470 and media 455 (and presumably between head 410 and media 455, too). As long as HH 480 
is significantly larger than HM 490, scattering zones 465 and 475 may be expected to be small 
enough to result in relatively minimal crosstalk between heads 410 and 470. Actual 
requirements for HH 480 and HM 490 may be expected to depend on power used by heads 410 
and 470, characteristics of media 455, and potentially other factors, such as range of travel of 
heads 410 and 470. 

Figure 4B illustrates in detail the operation of a head in one embodiment. CNT head enclosure 
420 houses the CNT (not shown) which emits beam 460. Beam 460 is deflected or otherwise 
steered at an appropriate angle out of the opening through electrodes 440 (acceleration 
electrodes). Beam 460 passes through window 445 and impinges upon media 455 at location 
495. From location 495, electrons 465 scatter, some of which are collected by signal collection 
electrode 450, resulting in a signal representing the data encoded or embodied by media 455. 
In addition to adjusting the beam to the optimum 'track read position' the e-beam deflector can 
be put to a second use in dynamically detennining the beam position with respect to the disk 
track pattern. This may be achieved by use of a third head assembly where in addition to the 
dynamic offset a sinusoidal, triangular, or similar scan pattern is applied so the e-beam sweeps 
rhythmically across a track (or tracks). Track crossing timing can determine the beam location* 
and thereby the head location, relative to the track positions, thus enabling a tracking servo loop 
to be closed and the write beam to be centered between (or on) the tracks. As before the three 
head assemblies are fabricated as a one-piece assembly on a single substrate where the three 
heads are co-linear as in Figure 5. The tracking/scan head may be placed ahead of the write head 
so that the tracking scan covers an unwritten track during the initial write sequence to a given 
track. This will prevent written data patterns from interfering with the tracking and permit 
tracking on preformatted media. Both the track beam and the read beam are offset from the write 
beam to a degree determined by the actuator arm angle, which is a function of the track radius 
selected. 

In one embodiment, three identical heads are fabricated co-linearly on a single substrate with a 
sufficient spacing such that the return signal from one read beam does not interfere with the read 
signal of another. This separation may be obtained by alternate timing sequences, i.e. track 
position sensing only while the write beam is off If some functions (track, write, read) are 
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combined the read-write assembly need only contain two heads. For example if the read and 
scan functions are combined the read/scan head can be placed before or after the write head 
location, although this may force the system to a low duty cycle if read-after-write is 
implemented. Another option for a single head is to timeshare functions where the track scan is 
intermittent and occurs in conjunction either with a write or in conjunction with a read as shown 
in Figure 6. 

Referring to Figures 5 A and 5B, an embodiment of a three-head system is illustrated. In Figure 
5 A, an embodiment of system 500 includes Read head 510, write head 520 and tracking head 
530 are all co-linear. Read head 510 includes CNT 513 and deflectors 517. Write head 520 
includes CNT 523 and deflectors 527. Similarly, tracking head 530 includes CNT 533 and 
deflectors 537. As the underlying media (disk) rotates, a point on the disk first passes near (over, 
under or adjacent to) head 530 (for tracking), head 520 (for possible writing) and head 510 (for 
possible reading). Thus, a track on a disk may be tracked, written to, and read from during a 
single revolution of the disk. Figure 5B illustrates that write beam 529 may be positioned to 
operate while tracking head 530 uses tracking offset 539 to adjust a tracking beam position and 
read head 510 uses read offset 519 to adjust a read beam location. In one embodiment, the 
symmetrical positioning of read head 510 and tracking head 530 about write head 520 allows for 
use of identical offsets 519 and 539, whereas in other embodiments, offsets 519 and 539 are 
individually calibrated to the specific locations of heads 510 and 530. 
A typical track selection and activation sequence is given in Figure 6. In one embodiment, 
during each write cycle, an illustrated initial portion of the cycle is devoted to tracking and an 
illustrated portion of the cycle is used for writing. Similarly, in one embodiment, during each 
read cycle, an illustrated initial portion of the cycle is devoted to tracking and an illustrated 
portion of the cycle is used for reading. Thus, each read or write cycle may be expected to 
retrieve useful data, rather than data associated with inter-track noise. 

The track acquisition sequence is shown in Figure 7, the actuator moves the write head to the 
approximate track location and a look-up table is used to determine the offsets for the tracking 
and read beams that are input as biases. Track seek is then actuated followed by acquisition and 
lock, and the tracking error signal is then superposed on each of the beams so that all three 
beams track with the offsets appropriate to the track radius being followed. 
Further illustrating the embodiment of Figure 7, the method begins at block 710 with selection of 
a desired track. At block 720, the actuator is moved to the expected location of the desired track. 
At block 740, tracking and read offsets are calculated, either in parallel or in series with the 

7 



WO 2005/067585 



PCT/US2004/019780 



operations of block 720. At block 730, initial offsets for the tracking and read beams are set. At 
block 750, scanning occurs, determining if the desired track is aligned with the head(s). At block 
760, the track servo loop is closed, adjusting the position of the head(s) as appropriate based on 
any feedback. At block 770, all three beams (track, read, and write) are monitored, creating 
5 feedback in the servo loop. Depending on the presence or absence of feedback in the servo loop, 
the process either flows back to block 760 or on to block 780, where the track is tracked until 
another track is desired. Note that the description above is based on a three head 
implementation, but adjustments based on the presence of one or two heads may be made within 
the spirit and scope of the present invention. 

1 0 The ability to deflect the beam emanating from any given head also allows a small array of heads 
to be fabricated on a single chip arrayed in the radial direction, where the chip is located on the 
actuator arm and each head in the array is directed to a separate track. This allows simultaneous 
multi-beam operation for writing and reading on reasonably proximate tracks. Each 'head' can 
be a two or three head group implementing track, write, and read functions. The beam from each 

1 5 head can be deflected perhaps as much as 1 00 microns, allowing for coverage of any of 2000 
tracks. As the heads can be located as close as about 10 microns, overlapping zones can be 
addressed. Figure 8 shows a group of four (4) heads spaced on the same actuator so as to be 
radial to the disk. The beam from each head can be directed to a chosen track. This permits 
either a 4x increase in data rate at a given disk rotation rate, or a 4x decrease in rotation rate at a 

20 given aggregate data rate, etc. Groups of 8, 1 6 or perhaps more heads can be fabricated on a 
single chip and operated simultaneously on the same actuator. 

In particular, CNT heads 820 are arrayed in groups of four (eight are illustrated) at an end of 
actuator arm 830, allowing for reading of concentrically parallel tracks 810 on a disk, thus 
allowing for reading or writing of 8 tracks nearly simultaneously. Note that the dimensions used 
25 within this example and within this document are exemplary rather than restrictive, and are thus 
not limiting on the spirit and scope of the present invention. Alternate embodiments may utilize 
different dimensions and tolerances due to differing design constraints while embodying the 
present invention. 

From the foregoing, it will be appreciated that specific embodiments of the invention have been 
30 described herein for purposes of illustration, but that various modifications may be made without 
deviating from the spirit and scope of the invention. In some instances, reference has been made 
to characteristics likely to be present in various or some embodiments, but these characteristics 
are also not necessarily limiting on the spirit and scope of the invention. In the illustrations and 
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description, structures have been provided which may be formed or assembled in other ways 
within the spirit and scope of the invention. Similarly, methods have been illustrated and 
described as linear processes, but such methods may have operations reordered or implemented 
in parallel within the spirit and scope of the invention. Accordingly, the invention is not limited 
5 except as by the appended claims. 
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